Herein, we studied the adsorption of acid dye onto Yemen natural clay in a bubble column adsorber. In addition, the effect of different parameters such as air flow rate, initial dye concentration and clay mass on the adsorption using clay has been investigated. The external and internal mass transfers were analyzed based on external mass transfer and intra-particle diffusion models. Our results showed that the calculated external mass transfer coefficient increased with the increase in air flow rate and mass of clay, but decreased with the increase in initial dye concentration. For the external mass transfer, different coefficient variables can be correlated by the following dimensionless correlation: Sh/Sc 0.33 = 261.65 (F) 0.165 (C 0 ) -0.743 (m) -0.311 . The intra-particle diffusion coefficient, K P , was found to increase with the increase in air flow rate and initial dye concentration, and with the decrease in the mass of clay. For the intra-particle diffusion, the studied variables can be correlated by the equation K P = X (variable) Y . The results of this study reveal that air flow rate has more influence on increasing the rate of adsorption than the initial dye concentration and mass of clay.
INTRODUCTION
In recent years, there has been a growing concern with regard to environmental issues, which has resulted in investigating appropriate processes that can be used for the removal of various pollutants in the environment. Adsorption was found to be one of the most low-cost yet an effective process to remove dangerous pollutants such as dyes (Dogan et al. 2009; Hameed et al. 2009; Olgun and Atar 2009), herbicides (El-Geundi 2005) and heavy metals (Ahna et al. 2009; Sharma et al. 2009 ).
Many industries, such as textiles, pulp mills, leather, printing, food and plastics, use dyes to colour their products but consume substantial volumes of water. The presence of very small amount of dyes in water (less than 1 ppm) is highly visible and undesirable (Banat et al. 1996; Robinson et al. 2001) . Over 100,000 dyes are commercially available and more than 7 ∞ 10 5 tonnes per year are produced annually (Yener et al. 2008 ). An indication of this problem is given by the fact that 2% of the dyes produced are directly discharged into aqueous effluents (Pearce et al. 2003) .
Neglecting the aesthetic problem, the greatest environmental concern with dyes is their absorption and reflection of sunlight entering the water, which interferes with the growth of bacteria. Consequently, the bacterial growth is insufficient to biologically degrade impurities in the water (Strickland and Perkins 1995) . Many of these dyes are also toxic and carcinogenic, posing a serious hazard to aquatic living organisms (O'Neill et al. 1999 ). There has been an increasing attention in using clay materials for adsorption owing to their low cost and their abundance in many countries; clay particles have high specific surface area as well as chemical and mechanical stabilities. In addition, various studies have shown them to have a high affinity towards various metals (Bhattacharyya and Gupta 2008), dyes (Crini 2006) and organic compounds (Hu et al. 2007) , and therefore, they can be used as a suitable adsorbent.
On the other hand, gas stirring (gas sparging) is widely used in many industrial applications such as reactors or gas-liquid contactors. Typical examples can be found in oxidation, hydrogenation, chlorination and wastewater treatment plants. Bubble columns have the following advantages: geometrically simple, easily manufactured, free of moving parts, superior for gas-liquid interfacial mass and heat transfer, easily operated and cost effective (Deckwer 1992; Guang et al. 2009 ). Nassar (1998) concluded that gas stirring is an effective way of stirring and is cheaper than mechanical stirring.
Some experimental works using bubble column adsorber are in progress for several years in our department (Nassar 1998; Nassar and Yehia 1999; Nassar et al. 2001; Fadali 2003; Nassar et al. 2007) . In these studies, dye removal from solutions was carried out using either gas mixing or mechanical stirring. Results of previous studies have shown that gas mixing is cheaper (higher removal rates in shorter time with lower energy consumption) than mechanical stirring. The high efficiency of gas mixing in increasing the rate of dye removal compared with single-phase flow was attributed to the ability of gas bubbles to induce radial and axial momentum transfers for the whole bulk, as well as to create turbulence behind the wake of each gas bubble (Kast 1962) .
In previous studies, much attention has been focussed on comparing the economic efficiency (energy consumption) between mechanical and gas mixing and little attention has been given to mass transfer modelling. Therefore, the aim of the present work was to study the mass transfer of acid red dye (AR97) adsorption onto Yemen natural clay in a bubble column adsorber.
MATERIALS AND METHODS
The natural clay used was collected from Al-Rayan zone, Al-Mukalla City, Hadramout Governorate, Republic of Yemen. The clay was crushed and sieved through different standard sieves to obtain particle sizes of 350-500 µm and used without any pre-treatment. The resulting sample was dried at 105 °C and stored in sealed containers before use. The dye used in our experiments was acid dye (C.I. Acid Red 97; AR97, λ max : 498 nm; Techno Colour Corporation, Bombay, India). The structure of dye is shown in Figure 1 . The stock solution of the dye (1000 mg dm -3 ) was prepared and stored in the dark at room temperature. Concentration of the dye was determined by finding out the absorbance at the characteristic wavelength using a double beam UV-Vis spectrophotometer (Shimadzu model 1601). Figure 2 shows the experimental apparatus and its set up used for the mass transfer study. The apparatus mainly consisted of vertical cylindrical jacketed glass column (height: 30 cm; inner diameter: 4.5 cm). The column was fitted with a G1-sintered glass distributor with an average pore diameter of 5-10 µm. Next to the gas distributor, a ball valve was fixed to control air flow rate. Temperature was adjusted by passing hot water and thermostatically controlled by the jacket around the column. Before each run, the column was filled with 400 cm 3 of fresh dye solution at a certain concentration, followed by adding a known mass of clay and adjusting the air flow rate. The air flow rate was measured with a calibrated rotameter. Samples were collected at regular time intervals (10 minutes). The limits of gas flow rates were adjusted at a minimum gas flow rate (43.79 cm 3 s -1 ) so that the clay particles are suspended uniformly. The maximum gas flow rate (237.9 cm 3 s -1 ) occurred just before foaming. We used different gas flow rates (43.79, 90.23. 114.8 and 237.9 cm 3 s -1 ) to achieve good mixing between clay particles and dye solution without foam formation.
Solution density (ρ) and viscosity (µ) were determined using a density bottle and Oswaled viscometer, respectively (Findley and Kitchener 1965).
RESULTS AND DISCUSSION

Characterization of Natural Clay
The specific surface area of the natural clay was determined using the nitrogen BET surface area method with a value of 82.4 (m 2 g -1 ). The porosity (ε p ), the average pore radius (r p,av ) and the solid 
(5) density (ρ s ) of the natural clay were determined using mercury porosimetry. The obtained values were ε p = 0.264, r p,av = 26.8 Å and ρ s = 2.53 (g dm -3 ). Results of chemical analysis indicate the following composition: SiO 2 , 62.38%; Al 2 O 3 , 13.60%; Fe 2 O 3 , 7.05%; CaO, 3.75%; MgO, 3.11%; K 2 O, 2.63%; a mineralogical analysis (XR-D analysis) revealed that the clay is composed of montomorilonite and illite as clay minerals and quartz and gypsum as non-clay minerals.
Mass Transfer
External mass transfer
Resistance to mass transfer mainly depends on the boundary layer film around the clay particles. All experiments, therefore, were carried out at different rates of gas mixing to achieve a complete mixing system. Consequently, there was a considerable shear force on the boundary layer film, which lowered the internal resistance of this layer to mass transfer; thus, the intrinsic adsorption rate was very rapid until an external surface coverage of dye had happened on the clay particles. The variables studied are air flow rate, dye concentration and clay mass.
Effect of air flow rate
The effect of air flow rate (F) on the degree of dye removal is shown in Figure 3 as a plot of C t /C 0 versus time t. Four air flow rates were selected to study the effect of air flow rate on external diffusion of dye. Our results indicated that dye removal is controlled by the degree of gas flow rate. Increasing the gas flow rate decreases the resistance of the boundary layer to mass transfer surrounding the clay particles, and therefore, increases the dye removal rate. In a well-agitated air adsorber column, mixing of liquid phase is rapid, and therefore, the concentrations of adsorbate and the adsorbent in the liquid phase are assumed to be uniform throughout the vessel. External mass transfer coefficient, k f , can be determined by the following equation (Furusawa and Smith 1973) .
Equation (1) suggests graphical differentiation of concentration versus time as a mean to determine the slope, dC t /dt, at t = 0, where k f S is the slope at t = 0. Assuming smooth spherical particles, the total surface area for mass transfer of the particles can be determined from m s , which is defined as the concentration of adsorbent in liquid phase [equation (2)]:
(2) Thus, the external surface area for mass transfer is defined as (3) Equation (3) enables the determination of k f from k f S. A linear relationship was obtained by plotting the external mass transfer coefficient against gas flow rate. The increase in k f by increasing air flow rate may be attributed to the following: (i) the rising bubbles collide with the column walls and disturb the diffusion layer with a subsequent increase in the rate of diffusioncontrolled adsorption; (ii) bubble coalescence or break down in the vicinity of the column wall generates turbulence, which penetrates the diffusion layer; (iii) the swarm of rising bubbles import radial and axial momentum to the surrounding fluid (Kast 1962).
Effect of initial concentration
A given mass of clay can only adsorb a certain amount of dye. Therefore, the more the concentration of an effluent, the smaller is the volume of effluent that a fixed mass of clay can purify. For this reason, experiments to examine the influence of initial dye concentration (C 0 ) on the adsorption process were conducted under a fixed air flow rate (90.23 cm 3 s -1 ). Figure 4 presents the adsorption of AR97 dye onto natural clay at different concentrations. It can be observed that for low initial concentrations, adsorption was fast and the percent removal of dye decreased with an increase in initial concentration. A linear relationship was obtained by plotting the calculated values of external mass transfer coefficient against initial concentration. The initial gradients of external mass transfer coefficients from Figure 4 were found to decrease with the increase in initial dye concentration, which is in agreement with the results of previous studies (Nassar and Yehia 1999; Nassar et al. 2007 ). The decrease in external mass transfer upon the increase in dye concentration can be attributed to the gathering of dye molecules due to collisions, which can reduce the activity coefficient of the dye and its effective diffusivity. Figure 5 shows the effect of clay mass (m) on the rate of adsorption of AR97 at a fixed air flow rate (90.23 cm 3 s -1 ). The rate of colour removal increased with increasing clay mass. The values of the corresponding external mass transfer coefficient were calculated from the initial gradients of these plots using equation (1) and were plotted against clay mass. The mass transfer coefficient was found to decrease with the increase in mass, and a linear relationship was obtained. This observation was also noticed in the study carried out by El-Geundi (2005) . The decrease in mass transfer coefficient upon the increase of clay mass may be attributed to the obstruction effect exercised by the clay particles on the diffusing dye molecules, giving rise to a considerable decrease in the dye-effective diffusivity.
Effect of clay mass
572 Mamdouh M. Nassar et al./Adsorption Science & Technology Vol. 30 The molecular diffusivity, D M , was calculated according to the Wilke and Chaing (1955) expression as shown in equation (7): (7) where M B is the molecular weight of solvent, α is the association parameter (for water α = 2.6), T is the absolute temperature, µ is the solution viscosity and V m is the molar volume of the solute as liquid at its normal boiling point. An analysis of equation (4) revealed that air flow rate is the more effective parameter to adsorb dyes on clay particles.
Intra-particle diffusion model
Assume that the mass transfer is based on intra-particle diffusion as the only rate-controlling step for adsorption. The role of pore diffusion as the single rate-controlling step was tested using intraparticle diffusion model (Weber and Morris 1963) as follows: (8) where q t (mg g -1 ) is the solid-phase concentration at any time, and K P (mg g -1 min -0.5 ) is the intraparticle diffusion coefficient, which is defined as the gradient of linear portion of the plot's solid-phase concentration q t versus the square root of adsorption time, t 0.5 . Weber and Morris (1963) stated that if an intra-particle is the rate-controlling step, uptake of the adsorption varies in proportion to the square root of time. When the linear plot of q t versus t 0.5 passes through the origin, then the intra-particle diffusion may be the only rate-limiting step in the adsorption process. Figure 6 shows the plot of q t versus t 0.5 for the adsorption of AR97 onto natural clay using various air flow rates. The curve has three portions, indicating the three reaction steps. The first portion is attributed to the diffusion of dyes through the solution onto the external surface of adsorbent. The second portion is a linear part describing the gradual adsorption stage where intra-particle diffusion is a rate-limiting step. The third portion is attributed to the final equilibrium stage for which the intra-particle diffusion started to slow down, which is caused by the depletion of dye in the bulk solution. The intra-particle diffusion coefficient values, K P , have been determined from the slope of the linear portions of Figure 6 at various levels of air flow rate. The value of K P increases in linear form with an increase in the air flow rate. Increased air flow rates will enhance turbulence through the radial and axial mixing that resulted in a decrease in film resistance, enabling the dye to be adsorbed more rapidly at the particle surface. As a result, there will be a greater driving force for intra-particle diffusion and thus higher K P values. Similar results were reported by Nassar et al. (2007) . Their results revealed that K P for gas mixing is increased by 3.3-folds than that for classical mechanical mixing. The K P values were correlated in terms of (F) 3.2.7. Effect of initial concentration Figure 7 shows the plot of q t versus t 0.5 for the adsorption of AR97 onto natural clay using fixed air flow rate (90.23 cm 3 s -1 ) at different initial concentrations. The values of the intra- particle diffusion coefficient, K P , have been determined from the linear portions of Figure 7 . It is observed that there is a gradual increase in K P with an increase in initial dye concentration. This indicates that increasing the concentration of the bulk liquid increases the driving force of dye from the bulk liquid concentration onto the particle surface and then into the solid particle. A rise in the concentration gradient caused faster diffusion and quicker adsorption. Similar results were obtained by other researchers (Mane et al. 2007; Ponnusami et al. 2008) . A correlation derived for the adsorption of AR97 onto natural clay is shown by the following equation:
Effect of air flow rate
The correlation coefficient has a value of 0.92 at an initial concentration range between 50 and 400 mg dm -3 . Figure 8 shows the plot AR97 uptake, q t , against t 0.5 at various masses of natural clay for a fixed air flow rate (90.23 cm 3 s -1 ). The intra-particle diffusion coefficients, K P , have been determined from the linear portions of Figure 8 . It is observed that the K P values decrease in linear form with increasing mass of natural clay. For a given particle size, increasing the mass increases the surface area for mass transfer. Thus, the mass transfer per unit surface area will be decreased due to the increased surface area available. The K P values were correlated in terms of clay mass (m) by equation (11) in the range of 0.2-0.8 g as follows:
Effect of clay mass
The correlation coefficient = 0.90. Furthermore, investigating equations (9-11) revealed that the exponent of air flow rate in equation (9) is the highest compared with the exponent of C 0 and m [equations (10) and (11)], which confirms that the air flow rate has more influence on increasing the rate of adsorption.
Enhancing Adsorption of Dyes onto Clay in Bubble Column Adsorber 575 Figure 8 . Plot of q t against t 0.5 for various clay masses during the adsorption of AR97onto natural clay (F, 90.23 cm 3 s -1 ; T, 25 °C; dp, 355-500 µm; V, 0.4 dm 3 ). 
CONCLUSION
Gas stirring is found to be a simple and highly effective technique for removing acid dye from aqueous solutions. Yemen natural clay was found to be a highly effective and low-cost adsorbent for cleaning coloured effluents. The high efficiency of gas mixing in removing dye from aqueous solution was attributed to the ability of gas bubbles to induce radial and axial momentum transfer inside the whole bulk solution. Adsorption process was controlled by external mass transfer in the early stages, followed by intra-particle diffusion until it reaches equilibrium. The external mass transfer coefficient (k f ) for the adsorption of AR97 onto natural clay could be correlated with the air flow rate (F), the initial dye concentration (C 0 ) and the mass of clay (m) using general dimensionless mass transfer parameters:
Sh/Sc 0.33 = 261.65 (F) 0.165 (C 0 ) -0.743 (m) -0.311
The intra-particle diffusion constant, K p , for the adsorption of AR97 onto natural clay could be correlated with the air flow rate (F), the initial dye concentration (C 0 ) and mass of clay (m) using the following relationships: K P = 0.532 (F) 2.07 , K P = 0.0455 (C 0 ) 0.995 and K P = 7.58 (m) -0.59
